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Abstract 
Experimental work concerning continuous reaction crystallization of struvite MgNH4PO46H2O from diluted aqueous 
solutions of phosphates(V) (1.0 mass % of PO43–) is presented. Laboratory tests were carried out in a DT MSMPR 
type crystallizer in 298 K assuming stoichiometric ratio of the reagents. Influence of pH (8.5 – 10) and mean 
residence time of suspension in a crystallizer (900 – 3600 s) on product crystal size distribution, their size-
homogeneity and process kinetics was identified. Struvite crystals of mean size from ca. 23 to ca. 86 Pm, of diverse 
homogeneity (CV 62 – 90%) were produced. The largest crystal sizes of acceptable homogeneity corresponded to pH 
8.5 and mean residence time elongated up to 3600 s. Under these conditions struvite nucleation rate did not exceed 
2.9107 1/(s m3) according to SIG MSMPR kinetic model. Linear growth rate of struvite crystals within the parameter 
ranges tested varied from 4.3310–9 to 1.7510–8 m/s. 
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Nomenclature 
B – nucleation rate, 1/(m3s); 
CV – coefficient of (crystal size) variation, defined as 100(L84 – L16)/(2L50), %; 
G – linear growth rate of crystals, m/s; 
kv – volumetric shape factor of crystals; 
Ksp – solubility product; 
L – characteristic linear size of crystal, m; 
La – crystal length, m; 
Lb – crystal width, m; 
Ld – dominant crystal size, m; 
Li – mean size of i–th crystal fraction, m; 
Lm – mean size of crystal population, defined as ΣxiLi, m; 
L50 – median crystal size for 50 mass % undersize fraction, m; 
[Mg2+]RM – concentration of magnesium ions in a feed, mass %; 
MT – crystal concentration in suspension (suspension density), kgcryst /m3 susp.; 
n0 – nuclei (zero–size crystals) population density, 1/(m m3); 
n(L) – population density (number of crystals within the specified size range in unit volume of the 
suspension per this size range width), 1/(m m3); 
[NH4+]RM – concentration of ammonium ions in a feed, mass %; 
[PO43–]ML – concentration of phosphate(V) ions in a mother solution, mass %; 
[PO43–]RM – concentration of phosphate(V) ions in a feed, mass %; 
qv – volumetric (out)flow rate of crystal suspension from the crystallizer, m3/s; 
T – process temperature, K; 
Vw – crystallizer working volume, m3; 
xi – mass fraction of crystals of mean fraction size Li. 
Greek letters 
W – mean residence time of suspension in a crystallizer working volume, defined as Vw/qv, s; 
Abbreviations 
CSD – Crystal Size Distribution 
DT – Draft Tube (crystallizer) 
GRD – Growth Rate Dispersion (kinetic growth model) 
MSMPR – Mixed Suspension Mixed Product Removal (crystallizer) 
SDG – Size-Dependent Growth (kinetic growth model) 
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SIG – Size Independent Growth (kinetic growth model) 
 
1. Introduction 
 
Recovery of phosphate(V) ions from various waste solutions or liquid manure takes advantage of 
precipitation and crystallization of sparingly soluble phosphate(V) salt, the most often magnesium 
ammonium phosphate(V) hexahydrate MgNH4PO4∙6H2O (MAP, struvite – solubility product pKsp = 9.4 – 
13.26) [1]. Struvite precipitates after introduction of magnesium (e.g. magnesium chloride) and 
ammonium ions (e.g. ammonium salt) into solution containing phosphate(V) ions and change in alkalinity 
of such a system (7 < pH < 11) [2]. With pH raise solubility of struvite strongly decreases (minimal Ksp 
value corresponds to pH 10.3 [3] or 10.7 [4]), thus its precipitation potential increases [2]. Also induction 
time, indispensable for nucleation process initiation, shortens [5]. Both course and results of struvite 
continuous reaction crystallization process are also influenced by composition of inlet solution, process 
temperature, mixing intensity, crystallizer construction, reagent inlet points, co-presence of various 
impurities and their specific physicochemical properties, etc. [6]. The process should be operated under 
control, resulting thus in the best quality of struvite product [1]. Crystalline MAP can be practically used 
e.g. directly in agricultural industry as a valuable mineral fertilizer (NPMg) [7, 8]. 
The experimental data concerning continuous reaction crystallization of struvite from diluted aqueous 
solutions containing phosphate(V) ions (1.0 mass % of PO43–) are presented in this work. Inlet solution 
was processed in a continuous DT MSMPR (Draft Tube, Mixed Suspension Mixed Product Removal) 
type crystallizer with internal circulation of suspension driven by propeller stirrer. Process was carried out 
assuming stoichiometric conditions and molar ratio of the reagents PO43– : Mg2+ : NH4+ as 1 : 1 : 1. 
Influence of pH (8.5 – 10) and mean residence time of suspension in a crystallizer W (900 – 3600 s) on the 
quality of crystal product and struvite continuous reaction crystallization process kinetics was identified. 
Kinetic model of continuous mass crystallization in ideal MSMPR crystallizer – SIG (Size Independent 
Growth) model [9, 10] was adopted for the calculations. 
2. Experimental 
2.1. Setup and Procedure 
Experimental plant photo is presented in Fig. 1. It is fully automated installation Bioengineering RALF 
Plus Solo. Automatic steering, control and acquisition of measurement data were carried out with the use 
of PC computer (software: BioScadaLab). Continuous struvite reaction crystallization process ran in a DT 
MSMPR type crystallizer of working volume Vw 0.6 dm3 (total volume Vt 1.3 dm3). Crystallizer, made of 
glass, was equipped with heating/cooling coil providing stabilisation of the assumed process temperature, 
as well as with the system distributing compressed air required for stripping the absorbed CO2. 
Crystallizer diameter was d 100 mm. Its working part’s height was hw 90 mm while total height ht was 
200 mm. In the crystallizer’s central axis a circulation profile (DT, draft tube, ddt 52 mm, hdt 50 mm) was 
installed, inside which four-paddle propeller stirrer of diameter dm 48 mm operated. Mixer speed, process 
temperature, inlet: air, feed solution and alkalising solution streams, as well as product crystal suspension 
outflow from the crystallizer were closely controlled and adjusted by computer control system. 
Crystallizer was continuously provided with aqueous solution of ammonium dihydrogenphosphate 
NH4H2PO4 and magnesium chloride MgCl2. This solution was prepared in external agitated tank using 
crystalline NH4H2PO4 and MgCl2∙6H2O (p.a., POCh Gliwice, Poland), as well as deionized water 
(Barnstead–NANOpure DIamond). Feed solution was introducing into draft tube (mixer speed: 4.0 1/s; 
316   A. Kozik et al. /  Procedia Engineering  42 ( 2012 )  313 – 322 
suspension flow – downward) during the process course. Between crystallizer body and circulation 
profile (suspension flow – upward) aqueous solution of sodium hydroxide (3 mass % of NaOH) was 
dosing to provide the assumed, controlled pH of process environment. The research was carried out in 
temperature 298 K assuming combinations pH 8.5, 9 or 10 and mean residence time of suspension in a 
crystallizer W 900, 1800 or 3600 s. Reagent concentrations in a feed solution were: 1.0 mass % PO43–, 
0.256 mass % Mg2+ and 0.190 mass % NH4+ providing their molar ratio 1 : 1 : 1. Compressed air flow 
was 100 Ndm3/h (pressure ca. 2.5 bar). After stabilisation in a crystallizer the required parameter values, 
process ran in a steady state through 5W. After this time solid phase concentration in product crystal 
suspension (MT), chemical composition of mother solution and solid phase (atomic absorption 
spectrometer iCE 3000, spectrophotometer UV–VIS Evolution 300), crystal size distribution (CSD) of 
struvite (solid particle analyser Beckman Coulter LS 13 320) and their shape (analysis of computer 
images from scanning electron microscope JEOL JSM 5800LV) were determined. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Photo of experimental plant for continuous reaction crystallization of struvite: a) general view, b) continuous DT MSMPR 
crystallizer unit with internal circulation of suspension 
Kinetic parameter values of continuous struvite reaction crystallization process were calculated with 
experimental population density distributions n(L) of product crystals [9, 10]. Calculations were based on 
the most simplified kinetic model valid for continuous MSMPR crystallizer – SIG (Size Independent 
Growth) model [10]. Resulting from the assumed SIG kinetic mechanism population density distribution 
equation can be written in a form of: 
 
  ¹¸
·
©¨
§ τG
LnLn exp0   (1) 
from which for L = 0 one can determine nuclei population density, n0, while crystal linear growth rate G 
can be determined from the lnn(L) linear dependency slope for the known mean residence time W of 
suspension in a crystallizer. Nucleation rate B is calculated from the following relation: 
 
GnB 0   (2) 
a 
b 
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2.2. Results and Discussion 
The properly shaped struvite crystals of mean size Lm from 23.2 to 86.4 Pm were produced depending 
on the assumed technological parameter values. Statistical parameter values of struvite product CSD are 
presented in Table 1. From these data it results, that increase in pH of mother solution in a crystallizer did 
not favor production of homogeneous struvite crystals of large sizes. Increase in pH from 8.5 to 10 
resulted in decrease of crystal mean size Lm from 37.9 to 23.2 Pm (by ca. 39%) and from 86.4 to 51.0 Pm 
(by ca. 41%), for W 900 and 3600 s, respectively. Similarly, CV coefficient increased from 80.9 to 90.0% 
and from 63.6 to 73.2%. Crystals produced at pH 10 characterized thus not only by lower mean sizes, but 
also with higher size-diversity. With the pH raise nuclei population density n0 increases (Table 2), 
resulting in shift of Lm, L50 and Ld of struvite crystals towards smaller values. 
Table 1. Influence of selected technological control parameters (pH, W) of struvite reaction crystallization process in a continuous 
DT MSMPR crystallizer on the final product crystal properties. Stoichiometric reagent proportions in a feeding solution: PO43– : 
Mg2+ : NH4+ = 1 : 1 : 1 
Process temperature 298 K, concentrations of reagents in a crystallizer feed: [PO43–]RM = 1.0 mass %, [Mg2+]RM = 0.256 mass %, 
[NH4+]RM = 0.190 mass %; mean concentration of crystals in suspension MT = 24.9 ±0.1 kg of struvite/m3 of suspension 
 
Elongation of mean residence time of suspension in a crystallizer resulted in, however, even more than 
2-time increase in product crystal sizes. Struvite crystals reached the largest reported mean size Lm 86.4 
Pm at mean residence time W 3600 s and pH 8.5. Elongation of mean residence time produces decline of 
mean supersaturation in solution, producing in result decrease of both supersaturation-dependent kinetic 
components of the process: nucleation rate of solid phase B and its linear growth rate G (Table 2). 
Nevertheless, longer residence time of crystals in supersaturated solution was responsible for significant 
increase in their sizes. Under such conditions crystals grew slower, however longer and more stable. 
Prolonged contact time of crystal phase with supersaturated mother solution affected also final product 
parameters advantageously. Homogeneity within crystal population increased evidently. The CV 
parameter decreased from 80.9 to 63.6% (by ca. 20%) for pH 8,5, in spite of increase in intensity of 
accompanied attrition and breakage processes within the crystals in a mixed/circulated suspension. 
 
No. Process parameters Crystal product characteristic [PO43–]ML, 
mass % pH τ, s Lm, Pm L50, Pm Ld, Pm CV, % 
1 8.5 900 37.9 29.6 34.6 80.9 0.0190 
2 9 900 34.5 26.1 26.1 85.6 0.0150 
3 10 900 23.2 21.9 28.7 90.0 0.0130 
4 8.5 1800 58.3 52.4 55.1 62.1 0.0183 
5 9 1800 52.9 43.2 41.7 74.7 0.0133 
6 10 1800 38.2 23.5 34.6 88.2 0.0127 
7 8.5 3600 86.4 77.8 96.5 63.6 0.0150 
8 9 3600 63.0 55.4 55.1 63.2 0.0130 
9 10 3600 51.0 40.4 41.7 73.2 0.0097 
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Simultaneous influence of process environment’s pH within 8,5 – 10 range and mean residence time of 
suspension 900 < W < 3600 s on mean struvite crystal size Lm (in Pm) can be presented in a form of 
empirical correlation: 
 
Lm = 5.94102 pH–2.95 W0.532  (3) 
 
with correlation coefficient R2 = 0.973 and mean relative error ±5.9%. Graphical projection of Equation 
(3) is presented in Fig. 2a. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Effect of pH and mean residence time W in a continuous DT MSMPR crystallizer: a) on mean crystal size Lm (Equation (3)) 
and b) on linear growth rate G of struvite crystals (Equation (4)) 
Exemplary volumetric (mass) CSDs of solids produced at pH 8.5 and 10, for W 3600 s, are presented in 
Fig. 3. With the increase in process environment’s pH crystal dominant size (Ld, corresponding to 
maximum in differential distribution) shifts towards smaller crystal sizes: 96.5 Pm (pH 8.5) and 41.7 Pm 
(pH 10). Both number and size of the largest crystals in a product decrease. The largest size of struvite 
crystals produced at pH 8.5 is 300 Pm (Fig. 3a), while at pH 10 – 210 Pm only (Fig. 3b). Simultaneously 
growth of the smallest size fraction is observed. In a product manufactured at pH 8.5 crystal fraction of 
sizes below 5 Pm was 3.6%, whereas at pH 10 it increased up to 5.8%, thus enlarged by 60%. In effect 
mean crystal size Lm decreased significantly from 86.4 to 51.0 Pm (Table 1). 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Exemplary differential (left scale) and cumulative (right scale) volumetric (mass) CSDs of struvite crystals produced in a 
continuous DT MSMPR crystallizer for W 3600 s: a) pH 8.5 and b) pH 10 (see Table 1) 
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Fig. 4. Scanning electron microscope images of struvite crystals produced from aqueous solutions containing 1.0 mass % of 
phosphate(V) ions. Assumed technological parameters of struvite continuous reaction crystallization process: T 298 K: a) pH 8.5, W 
3600 s, b) pH 10, W 3600 s, c) pH 8.5, W 900 s and d) pH 10, W 900 s. Mean size of product crystals Lm: a) 86.4 Pm, b) 51.0 Pm, c) 
37.9 Pm and d) 23.2 Pm (magnification 500u, scanning electron microscope JEOL JSM 5800LV) 
In Fig. 4a, b scanning electron microscope images of struvite crystals are presented, which size 
distributions were demonstrated in Fig. 3, with – for comparison – images of crystals produced at 4-time 
shorter mean residence time in a crystallizer, W 900 s (Fig. 4c, d). Diversity in sizes of struvite crystals is 
clearly observable. At pH 8.5 and elongated mean residence time of suspension in a crystallizer W 3600 s 
the best-shaped struvite crystals were produced (Fig. 4a). On the other hand, at pH 10 and short mean 
residence time W 900 s clearly shorter and thinner crystals (Fig. 4d) were manufactured. The ratio of 
struvite crystals length La to their width Lb was 7.8 in average (Fig. 4a), 7.0 (Fig. 4b), 6.4 (Fig. 4c) and 5.4 
(Fig. 4d). The La/Lb ratios were calculated on the basis of planimetric measurement results covering 50 
crystals selected randomly from three independent microscope images of the same product sample. From 
the microscope image analysis it also results, that majority of struvite product consists of tubular crystals 
of irregular edges. Agglomeration was not significant, while attrition and breakage of crystals during their 
mixing and circulation in a crystallizer can be regarded moderate. Only single broken crystals, surface 
damages or destructed edges were sporadically observed, however number of such crystals was not large. 
Generally, it speaks advantageously about process conditions established in a crystallizer in respect to 
nucleation and growth of struvite crystals. 
In Fig. 5 there are presented the experimental population density distributions of struvite crystals 
produced at pH 8.5 and 10, for mean residence time of suspension in a crystallizer 900 and 3600 s (see 
Figs. 3 and 4). From these distribution courses, presented in lnn – L system it results that for struvite 
crystals of size L > 50 μm these dependencies can be with satisfactory precision approximated with linear 
function. 
From Equation (1) one can calculate linear growth rate G of struvite crystals, while from Equation (2) 
their nucleation rate B. 
Estimated parameter values of population density distribution function, valid for struvite crystal sizes L 
> 50 μm (Equation (1)), and calculated on this basis corresponding G and B values are presented in Table 
50 Pm 
a 
50 Pm 
b 
50 Pm 
c 
50 Pm 
d 
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2. Simultaneous influence of process environment’s pH within 8.5 – 10 range and mean residence time of 
suspension in a crystallizer (W 900 – 3600 s) on linear growth rate of struvite crystals G (in m/s) can be 
presented in a form of empirical correlation: 
 
G = 8.5910–4 pH–2.71 W–0.720  (4)  
 
with correlation coefficient R2 = 0.971 and mean relative error ±7.6%. Graphical projection of this 
dependency is presented in Fig. 2b. 
Nonlinear courses of population density distributions for the crystals of size L smaller than 50 Pm (in 
coordinate system lnn – L, Fig. 5) suggests more complex process kinetics than it results from the 
assumed SIG MSMPR model [9, 10]. Thus the determined kinetic parameter values of the discussed 
process should be regarded as a rough approximation only. It especially concerns nucleation rate B values 
calculated with Equation (2) based on significantly lowered nuclei population density n0 values (n(L) for 
L = 0). As it results from Fig. 5, the differences between values of n0 extrapolated with linear SIG kinetic 
model and real, experimental population densities of the smallest crystals reach even 104 – 105. 
Calculated with SIG model values of nucleation rate of struvite crystals B are thus valid only for relative, 
conventional comparison of the tested process parameters influence on the discussed process course and 
its results. 
Analyzing the kinetic data presented in Table 2 one can notice decrease of crystal linear growth rate G 
with the increase in pH and with elongation of mean residence time of suspension in a crystallizer. 
Generally higher values of G are observed for the shortest mean residence times, what is in accordance 
with observations concerning classical continuous mass crystallization processes [9]. For example, 
increase in pH from 8.5 to 10, for W 3600 s, results in decrease of linear growth rate of struvite crystals 
from 7.43∙10–9 to 4.33∙10–9 m/s. It is significant G decrease (by ca. 42%). It is, however, accompanied by 
increase in nuclei population density n0 values (3.9∙1015o2.3∙1016), thus raise in nucleation rate B (from 
2.9∙107 to 9.9∙107 1/(s m3)). In result final mean crystal size Lm decreased (86.4 → 51.0 Pm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Influence of pH of struvite continuous reaction crystallization process environment on population density distribution of 
crystal products: points – experimental data, dashed lines – the n(L) values calculated with Equation (1) (Table 2) for the crystal 
fractions L>50 Pm 
Elongation of mean residence time of suspension in a crystallizer significantly constrained nucleation 
rate of struvite, from 3.1∙108 (pH 8.5, W 900 s) to 2.9∙107 1/(s m3) (pH 8.5, W 3600 s), thus by more than 
10-time (Table 2). Crystal linear growth rate, however, also decreased (from 1.75∙10–8 to 7.43∙10–9 m/s), 
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but only ca. 2-time. Devaluated nucleation rate and longer time of solid phase contact with supersaturated 
mother solution resulted in significant growth of struvite mean size (Lm 37.9 → 86.4 Pm). 
Table 2. Nucleation rate B and crystal linear growth rate G estimated for struvite reaction crystallization process in a continuous DT 
MSMPR crystallizer. Kinetic parameter values calculated with SIG MSMPR model. Technological parameter values of the process 
– see Table 1. 
No. 
(see Table 1) 
Process kinetic parameters (SIG MSMPR model) 
n(L) for L > 50 μm R2 
n0 
1/(m m3) 
G 
m/s 
B 
1/(m3s) 
1 n = 1.793∙1016exp(–6.353∙104L) 0.993 1.8∙1016 1.75∙10–8 3.1∙108 
2 n = 1.840∙1016exp(–6.609∙104L) 0.990 1.8∙1016 1.68∙10–8 3.1∙108 
3 n = 3.891∙1016exp(–9.258∙104L) 0.973 3.9∙1016 1.20∙10–8 4.7∙108 
4 n = 5.156∙1015exp(–4.385∙104L) 0.988 5.2∙1015 1.27∙10–8 6.8∙107 
5 n = 1.802∙1015exp(–5.077∙104L) 0.990 1.8∙1015 1.09∙10–8 2.0∙107 
6 n = 1.806∙1016exp(–6.591∙104L) 0.988 1.8∙1016 8.43∙10–9 1.5∙108 
7 n = 3.911∙1015exp(–3.738∙104L) 0.994 3.9∙1015 7.43∙10–9 2.9∙107 
8 n = 1.208∙1016exp(–5.066∙104L) 0.993 1.2∙1016 5.48∙10–9 6.6∙107 
9 n = 2.306∙1016exp(–6.411∙104L) 0.993 2.3∙1016 4.33∙10–9 9.9∙107 
kv = 1 
3. Conclusions 
In the continuous DT MSMPR type crystallizer struvite crystals of mean size Lm from 23.2 to 86.4 Pm 
were produced. It was experimentally confirmed, that increase in pH (from 8.5 to 10) produced ca. 40% 
decrease of mean size of struvite crystals. On the other hand elongation of mean residence time of 
suspension in a crystallizer from 900 to 3600 s resulted in significant increase in this size (even more than 
2-time). Crystal products of diverse size-homogeneity (CV 63.2 – 90.0%) were removed from the 
crystallizer. It is a net effect of complex, resultant influence of pH and mean residence time of 
suspension, as well as crystals attrition and breakage on the working supersaturation level self-
establishing in a mother solution. 
For the estimation of process kinetic parameter values the simplest SIG kinetic model for ideal 
MSMPR crystallizer was used. It was concluded, that linear growth rate of struvite crystals changed 
within 4.33·10–9 – 1.75·10–8 m/s range, whereas nucleation rate in 2.0·107 – 4.7·108 1/sm3 range. With the 
elongation of mean residence time both kinetic parameters decreased. With the pH raise nucleation rate 
increased while linear growth rate decreased. 
Concentration of phosphate(V) ions in solution after continuous reaction crystallization of struvite 
decreased from inlet 1.0 mass % to the final outlet 0.0097 – 0.0190 mass %, depending on pH and mean 
residence time of suspension in a crystallizer, what can be regarded as a good result of their separation 
process. 
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